Introduction
In mammals, ADAR1 and ADAR2, members of the adenosine deaminase family that act on double-stranded RNA (dsRNA), have been demonstrated to deaminate specific adenosines in miRNAs. [1] [2] [3] [4] [5] [6] This deamination usually results in a reduction in the mature miRNA levels as RNA editing and binding of ADARs can inhibit processing of pri-miRNA. 7 RNA editing has also been shown to redirect miRNA activity when the editing event is located in the mature miRNA sequence. 3 Intuitively, when ADAR activity increases there is an expectation of more frequent editing of miRNAs. It is well documented that ADAR1 is a ubiquitously expressed 110 kDa protein that is predominantly nuclear. However upon interferon induction a larger isoform of 150 kDa is expressed that shuttles between nucleus and cytoplasm (reviewed in ref. 8 ) and mice that are null for ADAR1 exhibit high levels of interferon suggesting that there may even be a feedback loop between ADAR1 and interferon levels.
In this study we wanted to determine if an increase in ADAR1 levels due to interferon would affect mature miRNAs. We chose to study Salmonella infection as Samuels and colleagues have shown that mice infected with Salmonella have a large induction
The main mediator of the lipopolysaccharide (LpS) response in macrophages is activation of Toll-like receptor 4 (TLR4). This generates interferon-beta (INFbeta) production that stimulates increased expression of the RNA editing enzyme ADAR1. To determine if there is an increase in RNA editing in mature miRNA in response to TLR4 activation upon Salmonella infection of macrophages we analyzed small RNA deep sequencing data. Interestingly, we found that direct infection of macrophage cell lines with Salmonella does not result in an increase of edited mature miRNA. Thus, despite elevated levels of ADAR1 during TLR4 activation of macrophages mediated by Salmonella infection, ADAR1 does not result in redirection of miRNA. The most common consequence of ADAR activity on miRNA is a reduction in the mature miRNA level due to interference with miRNA processing of pri-miRNA. however, we found very few miRNAs with reductions in level, and no significant difference between miRNAs previously reported to be edited and those reported to be not edited. In particular, we did not see significant decrease in mir-22 and mir-142, nor editing of pri-mir-22 or pri-mir-142 in infected RAW macrophages. Thus, ADAR1 has very little, if any, effect on the miRNA machinery following TL4 activation by Salmonella infection.
Analysis of A to I editing of miRNA in macrophages exposed to salmonella 9 The increase is due to the induction of an interferon inducible isoform of ADAR1. 10 Furthermore, Rabinovici and colleagues demonstrated that editing activity of ADAR1 rises dramatically upon alveolar macrophage activation by LPS. 11 Thus, we wanted to ascertain if there was an increase in editing of mature miRNA upon Salmonella infection of macrophages. We also wanted to determine whether the consequences would be redirection or inhibition of pri-miRNA processing.
This work also addresses the role ADAR1 may have in innate immunity. In many physiological pathways miRNAs are prominent players, and evidence is accumulating that miRNAs are regulated as part of the innate immune response. Notably, LPS simulation of macrophages alters the levels of mir-146a, 12 mir-155, 13, 14 and mir-125b. 14 An increased level of mir-146 has been directly linked to a reduction of IRAK1 and TRAF6, two important members of the TLR signaling pathway. 12 Conversely, a decrease in mir-125b was hypothesized to be linked to changes in TNFalpha levels, as TNFalpha is a target gene for mir-125b, 14 indicating that decreases in miRNA levels can also be important. These studies demonstrate the important role miRNAs have in the regulation of the innate immune response and motivate the examination of how interferon induction of ADAR1 may contribute miRNA regulation.
do not rise in mature miRNA in macrophages, despite induction of ADAR1 by Salmonella infection. Further, we examined two miRNA transcripts reported to be edited by ADAR1 and did not observe an increase in editing. Overall, our results support the conclusion that inosine is not a common modification present in mature miRNA. This suggests that the miRNA machinery is resistant to increased ADAR activity caused by TLR4 activation.
Results
Sequence analysis of miRNAs from infected and non infected macrophage cell lines. Initially we wanted to verify that ADAR1 was present in RAW macrophage cells and that it was induced in RAW macrophages infected with Salmonella. We choose a 24 h time point as it has been reported that ADAR1 induction peaks approximately 5 h after injection of mice with LPS, 19 so we reasoned that if miRNAs were edited then 24 h post infection would be the optimum time to analyze them. We found that 24 h post infection the ADAR1 RNA level increased approximately 2 fold, ADAR1 protein level determined by SILAC increased approximately 3.7 fold 20 (data not shown) whereas non-specific editing activity increased approximately 1.5 fold (Fig. 1) .
Next we examined seventeen small RNA libraries of several macrophage cell lines infected with mutant and wild-type strains of Salmonella. The SP1 Salmonella mutant is known to block entry of the bacteria into macrophages. Thus, using the SP1 mutant we can separate the effect on the host in terms of bacterial contact and infection. The macrophage cell types used were, RAW, THP1 and J774, each has distinct origins. RAW macrophages were derived from mice infected with Ableson murine leukemia virus. 21 THP1 cells are a human acute monocytic leukemia cell line from a patient tumor. 22 Whereas, J774 are a murine macrophage cell line established from a tumor. 23 Examinations of the libraries yielded on average a surprising 40% mapping of reads to perfect matches of the mature miRNA annotations in mirBase (Table 1 summary of RAW and HeLa cell lines. Suppl. Tables provide individual miRNA results. Very similar results were obtained for THP1 and J774 and HEK 293, data not shown). Extending the counts of matched reads to include potential A to G, G to A, C to U, U to C and U to A base changes, slightly increased the number of reads identified as miRNA. A to G mismatches between the miRNA sequence database and the sequences are interpreted as evidence for adenosine deamination, as inosine is recognized as guanosine by polymerases.
Initial observations indicate that only one miRNA contained potential A to I editing events; mir-155. This miRNA dramatically Finally, Salmonella enterica serovar Typhimurium (henceforth Salmonella) is a model pathogen that invades macrophages and activates a TLR4-dependent host response. 15 Mutation of the SPI-1 virulence region renders the bacteria unable to invade the host cell. 16 Thus, by comparing infection with the SPI-1 mutant and wild-type Salmonella, we can determine if mature miRNA editing events are a result of contact with Salmonella or are infection dependent.
Due to the expansion in sequencing libraries, much effort is being directed towards how to correctly measure the sequence content of these libraries, including how to measure editing of small RNAs. The deamination of adenosine produces inosine, which base-pairs like guanosine, and is read by reverse transcriptase as guanosine. 17 Thus, in sequencing small RNA libraries a replacement of adenosine with guanosine can be evidence of ADAR activity. Most analysis approaches utilize a modified blast algorithm, with the goal to match as many reads as possible to the genome. However, to map the largest number of reads possible the stringency of sequence homology must be reduced. This can lead to artifacts in the assignment of reads to genomic loci that are interpreted as editing events. 18 Therefore we use a perfect matching approach to ascertain the level of editing in mature miRNA in Salmonella infection of macrophages, where correct identification (specificity) is more critical then a large number of matched reads (sensitivity).
In this study we analyzed small RNA libraries produced by infection of RAW, HeLa, THP-1, J774 and HEK cell lines with different strains of Salmonella. The editing levels of mature miRNA were determined with our simplified matching algorithm. Our study revealed that potential A to I editing levels the potential for ADAR1 to be involved in reduction of miRNA levels by inhibiting processing. Comparing the levels of miRNA before and after infection with Salmonella revealed that very few miRNA had a reduction of even 2-fold (Fold Changes are in Suppl. Tables 1 and 2 ). Further, we analyzed sixty-five miRNA previously reported to be edited and there is no significant difference between alterations in the levels of miRNA reported to be ADAR substrates and miRNA not known to be ADAR substrates. Figure 2 illustrates this point by showing that the absolute fold-changes in miRNA abundance are low and that both the average and spread of the fold-changes is similar. This indicates that ADAR1 is not participating in a global reduction in miRNA levels, and suggests that miRNA previously reported to be edited are no more likely to be reduced in level than those reported not to be edited.
Additionally, we examined pri-miRNA sequences for two well-documented ADAR substrates, mir-22 and mir-142. 1, 25 We did not find evidence of upregulation of editing of the primiRNA for mir-22 and mir-142 after Salmonella infection, and the mature miRNA levels do not decrease significantly in RAW macrophages. The lack of editing of the pri-miRNA in RAW macrophages indicates that alteration of mir-142 is not dependent on ADAR activity on the pri-miRNA, and the increase in mir-22 further supports the assertion that induction of ADAR1 after infection with Salmonella does not lead to a strong negative effect of ADAR1 on miRNA biogenesis, even for known editing substrates.
Discussion
Given that ADAR1 expression and activity is inducted by interferon, it is surprising that Salmonella infection did not result in an increase of edited mature miRNA. As part of the innate increased in RAW cells upon exposure to the SP1 and wild-type strains of Salmonella. The response to the SP1 mutant is particularly revealing as this mutant cannot invade macrophages but does contain lipopolysaccharides in its membrane. Initially, we observed that 14% of reads mapping to mir-155 were potentially A to I edited at 24 h post RAW cell exposure to Salmonella. The number of reads for mir-155 was 337, therefore the number of edited mature mir-155 reads would be a significant contributor to the miRNA pool. Supplementary Tables 1 and 2 contain the number of reads for individual miRNA. As can be seen 337 reads would place edited mir-155 at levels comparable to the eight most abundant miRNA for this library.
However, when we re-examined the potential G to A transversions, we observed that the nucleotide just 3' of the A to G change in mir-155 had a significant number of G to A mismatches as well. There is no known enzyme that can catalyze a G to A transversion in RNA however RNA polymerase stuttering has been shown to insert more than one G when there are multiple Gs. 24 Further, when we examined the percent of A to G reads for mir-155 across the RAW cell libraries we found that the percent does not change in response to infection. Indeed, the percent editing of mir-155 is the same in each of the libraries associated with a specific cell type. Additionally, we found that the primary mir-155 transcript is not edited either in non-infected nor infected macrophages (data not shown). Though the possibility exits that pre-mir-155 is edited, we conclude that the potential editing of mir-155 is a systematic error or artifact, in sequencing, dependent on the sequence context. Therefore we found no evidence of A to I editing in mature miRNA in the libraries.
ADAR1 does not inhibit processing of miRNAs. The general lack of A to I editing indicates that Salmonella infection did not result in ADAR1 editing of mature miRNA, and hence redirection of miRNA. To explore this result further, we examined edited mature miRNA. Thus, given that the number of mature miRNA with potential A to I editing remains constant, we propose that increased activity of ADAR1 due to TLR mediated innate immune response does not involve redirecting miRNA.
A possible explanation is that A to I editing of miRNA inhibits the biogenesis of mature miRNA. In fact, one of the most common features of A to I editing of miRNA is inhibition of processing by editing of the primary miRNA transcript. However, in our study few miRNA have decreased levels of mature miRNA upon infection. This suggests that reduction in mature miRNA levels is not a general feature of Salamonella infection of RAW macrophages. Significantly, we did not see editing of pri-mir-22 and pri-mir-142, two miRNA shown to be edited by ADAR1. 1, 25 Primir-22 has been found to be edited in various tissues including lung and brain. However, mir-142 is edited in T-cells, although no physiological role could be found for this editing. This highlights the potential for cell-type specific editing, which could explain the lack of editing in macrophages. Our results support the conclusion that ADAR1 does not interfere with the production of these prominent, edited-miRNA in macrophages. Thus, the increase in ADAR1 in response to interferon is for some other purpose than increasing the interactions between ADAR1 and miRNA.
Materials and Methods
Salmonella infection and culture of macrophages. RAW264.7, HeLa, THP-1, J774 and HEK293 cells were grown in RPMI 1640 (Gibco) supplemented with 10% foetal calf serum (Biochrom), 2 mM L-glutamine (Gibco), 1 mM sodium-pyrovate (GIBCO) and 0.5% ß-mercapto-ethanol (Gibco) in a 5% CO 2 , humidified atmosphere, at 37°C. Salmonella enterica serovar Typhimurium strain SL1344 was used as wild type throughout this study. The ΔSPI1 (JVS-0405) or ΔSPI2 (JVS-1103) strains with deletions of Salmonella Pathogenicity Islands 1 or 2 were provided by S. Pätzold 28 or Karsten Tedin, respectively. 29 The ΔSPI1/ΔSPI2 strain (JVS-3614) was constructed by phage P22 transduction of strain JVS-0405 with a lysate of strain JVS-1103.
One day prior to infection, 4 x 10 5 of host cells were seeded into 6-well plates. Overnight cultures of bacteria were diluted 1:100 in fresh L-broth medium and grown aerobically until an OD of 2. Bacteria were harvested by centrifugation and resuspended in complete RPMI medium. RAW 264.7 cells were infected at MOI of 1, and HeLa cells at MOI of 10. After addition of bacteria, the cells were centrifuged at 250x g for 10 min at room temperature followed by 20 min incubation in 5% CO 2 , humidified atmosphere, at 37°C. Medium was then replaced for complete RPMI containing gentamicin (50 μg/ml) to kill extracellular bacteria. Following 30 min incubation, cells were supplied with new complete RPMI containing 10 μg/ml gentamicin for the remainder of the experiment.
RNA library preparation. The RNA libraries were prepared as previously described.
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Sequencing library editing analysis. A PERL script was written to implement a simple matching approach to determine the percentage of editing in reads corresponding to a given miRNA immune response TLR4 is stimulated by LPS. 26 Recently it was shown that TLR4's MyD88 dependent and independent signaling pathways can be separated into membrane bound and cytoplasmic TLR4 signaling. 27 The MyD88 independent signaling pathway results in the activation of IRF-3 and production of β-interferon and it has been demonstrated that many effects attributed to the MyD88 independent pathway are due to the autocrine action of β-interferon. Similarly, TLR3, 7 and 9 induce production of β-interferon.
27 ADAR1 has an interferon responsive promoter that responds to the presence of β-interferon. Importantly, an increase in ADAR1 activity was observed in alveolar macrophage stimulated by LPS 11 directly linking ADAR1 activity with TLR4 activation. Here we observed that RAW macrophages also have increased dsRNA deaminase activity after infection with Salmonella. Interestingly, this did not lead to increased production of A to I Figure 2 . Data Scatter Box plots showing similarity of mature miRNA levels between miRNA reported to be editing substrates and those not edited. The p-value indicates the similarity between the distribution of the miRNA previously reported to be edited (marked "A") and the miRNA not reported to be edited (marked "B"). Thp1 and J774 macrophage cell lines exhibited similar trends (with p-values of 0.44 and 0.17 respectively). Very few miRNA show a two-fold decrease in levels and there is no significant difference between the edited and non-edited miRNA. This indicates that the miRNA previously found to be edited are no more likely to have a reduced level than non-edited miRNAs.
an additional level of analysis to consider the reads not mapped by our perfect matching methodology. As part of the methodology of Berninger and colleagues, 34 used to produce the mappings for the mammalian miRNA expression atlas, 35 single nucleotide insertions were allowed in mapping sequencing library reads. Thus, we looked at the number of additional sequences obtained by allowing single nucleotide insertions. When single nucleotide insertions were allowed the number of reads mapped to mature miRNA for control RAW cells and 24 h WT Salmonella infected RAW cells rose by 17% and 16% respectively. However the numbers of edited sequences did not rise. Strikingly, the number of additional reads mapped to each miRNA did not change the relative level of a particular miRNA in comparison with other miRNA. This is illustrated by the good correlation between the numbers of reads mapped to each miRNA (Fig. 3) . This means that the relative level of each miRNA remains constant and is independent of the inclusion of reads with potential single-nucleotide insertions. Thus, the perfect matching approach is sufficient to determine relative miRNA levels.
The number of reads matched was also analyzed by using shortened versions of the mature miRNA sequences. The motivation behind using shortened sequences is that it has been observed that Drosha and Dicer sometimes cleave +1 or -1 to the annotations in mirBase. Thus, we trimmed the first and last nucleotides of the mirBase annotations and searched for matches among the reads not matched to perfect matches nor to singlenucleotide insertions. This resulted in an increase in the number of reads mapping to mature miRNA. For example, the control RAW cell library had an additional 6% more reads and the 24 h WT infected RAW cell library had an additional 10% more reads mapped to mature miRNA.
However, as expected, when the shorter sequences were used to query the sequencing reads, a decrease in stringency was observed. The numbers of reads mapping to G to A, U to C and U to A mismatches were exceedingly increased, rising from levels of one or two to nearly a hundred. Therefore, if one takes G to A and U to C as sequencing errors then the use of the shortened mature miRNA, while allowing a larger number of reads to be mapped with homology to mature miRNA sequences, was more prone to artifacts that appeared as potential RNA editing events. Thus, we recommend caution when reducing the length of homology between a read and mapping site. Overall, the additional reads did not reveal an increase potential A to I editing events, outside the 3' most nucleotide, again supporting the result of the perfect matching approach.
(The script is available upon request from B. Heale; Email: bheale@gmail.com).
In most applications, sophisticated probabilistic alignment programs have better performance scores than perfect matching approaches. This is because, when using small data sets, the former use more of the available sequences than the latter. Thus, probabilistic alignment programs can include sequence artifacts produced by the experimental methodology (including base changing and insertion/deletion of nucleotides), and they use a model where multiple biologically relevant sequence alterations occur in the same sequence. In contrast, utilizing perfect matching implicitly ignores the majority of methodological artifacts, and thereby reduces greatly the number of false positive results. Thus, perfect matching is well-suited to very large data-sets.
We wanted to use large data sets generated by 454-sequencing and avoid artifacts produced by sequencing errors. Thus, we employ a perfect matching approach due to its extremely high stringency. For a sequence from the library to be used, it must have perfect, contiguous (20-23 nt) match to sequence annotations for mature miRNA from mirBase. As we are interested only in A to G changes, the only alteration allowed was potential A to G changes. In doing so, we are assuming that A to G changes do not co-occur with other sequence alterations as there is no data to suggest that A to G changes occur with other modifications in mature miRNA.
Our sequence analysis method begins by finding perfect matches between the mirBase annotations of mature miRNA, [31] [32] [33] counting them and removing them from the library of reads. Next, a pattern is constructed where each edited base is replaced by a qualifier that allows specific mismatching. For example, when looking for the A to I editing of the sequence GCC ATT GAG G, the pattern GCC(A or G)TTG(A or G)GG is constructed. The pattern is then used to find reads that are potential editing reads of the particular miRNA. These reads are counted. When the entire library had been investigated, the output is sent to two files (comma-space-delimited for readability in Excel).
The results file contains the miRNA name, number of total matches and number of edited matches. The output file contains the sequence of the miRNA and the sequence of any edited reads along with the number of reads representing the sequence.
Sequence analysis that permits single mismatches, deletions and insertions locates a higher number of reads than matching approaches. To explore our sequencing libraries further, we added Figure 3 . correlation between the numbers of perfect match reads mapped to mature miRNA and the number of reads mapped by allowing single-nucleotide insertions. The read number for the insertions excludes the read number for perfect matches. The strong correlation in reads mapped to specific miRNA indicates that the perfect matching approach is sufficient to capture the rank and relative abundance of mature miRNA levels.
Deaminase activity assay. Non-specific deaminase assay was performed as previously reported. 36 The extract was made from ten million RAW macrophage cells that had been either infected or not infected for 24 h with wild-type Salmonella. The extract was prepared by homogenizing 10 x 10 -6 cells in 50 mM Tris pH 7.9, 5 mM EDTA, 200 mM KCl, 10% glycerol, 1 mM DTT, 1 mM PMSF, 0.7 μg of pepstatin per ml, 0.4 μg of leupeptin per ml. The cells were homogenized for one minute on ice, followed by three minute incubation on ice, a second round of one minute homogenization was then performed. The extract was centrifuged and the supernatant was removed and the protein quantified with Bradford solution. The editing assay was performed twice and samples done in duplicate.
Primary miRNA (pri-miRNA) editing analysis. As reported previously, 7 primers were chosen to anneal 50 to 100 nts upstream (forward) or downstream (reverse) of the mirBase premiRNA annotation. PCR was used to amplify the pri-miRNA. Traditional sequencing was performed with the forward primers and confirmed using the reverse primers. Chromatograms were analyzed to determine if editing occurred. www.landesbioscience.com/supplement/HealeRNABIOLsupp01.xls www.landesbioscience.com/supplement/HealeRNABIOLsupp02.xls
The importance of assigning reads to family members for analysis of editing was recently demonstrated by deHoon and colleagues. 18 The authors demonstrated that due to similarity among mature miRNA families it is necessary to examine perfect matching of miRNA prior to using a probabilistic approach. Here we began with finding and removing, reads with perfect matches to all known miRNA. Next we looked for potential editing events. Thus, we were not therefore concerned about spurious matches due to homology between family members as each family member had already been analyzed separately for its occurrence.
A summary of the results of the number of mapped reads for each library is presented in Table 1 and Supplementary Table  1 -2 contain the number of reads mapped to particular miRNA, including potential A to G, G to A, C to U, U to C and U to A editing. Across the libraries there was a definite lack of reads mapping to A to G editing events or C to U editing events. Strikingly there was a large number of G to A changes. When these are examined closely the G to A changes are located at the last nucleotide of the miRNA. For example, in the library for RAW cells infected with wild-type Salmonella for 24 hours, there are 1,956 reads with G to A mismatches. 1,693 of these are in the last nucleotide of the mature miRNA (87%). These probably represent artifacts of the sequencing methodology as addition of a poly-A tail was used during library preparation.
miRNA read level analysis. Prior to comparison, read numbers were normalized between libraries of the same cell line by average normalization. Supplementary Tables 1 and 2 shows the fold-change and the Log-2 fold-change between the levels of miRNA 24 h after infection and control cells. Students-t test and data box plots reported in Figure 2 . Sixty-five miRNA previously reported to be edited came from. 1, 4, 5, 25, 35 For analysis, only those miRNA with at least one read in the control library were used.
